W e analyze the association between the rates of multiple maternities. Correlation analysis is suitable if there are at least monotonic relationships between the variables. A decreasing tendency can be observed in the rates of multiple maternities in Sweden and in its 25 counties for the period 1751-1960 and the effect of external variables can be assumed to be monotonic. After 1960, the rates of multiple maternities show marked increases, mainly caused by ovulation stimulants and the introduction of other artificial reproduction techniques. We transformed the triplet and quadruplet rates according to Hellin's law in order to obtain rates on the same scale as the twinning rate. The time trends for the multiple maternities in Sweden as a whole were quite similar. The regional differences in the twinning rates could not be satisfactorily explained by maternal age. Alternative attempts to eliminate the effect of other time-dependent factors were to study partial correlation coefficients when the time was kept fixed and the correlation coefficients based on cross-sectional regional data. Both the ordinary and the partial correlation coefficients showed strong regional variation. Cross-sectional analyses gave correlation coefficients similar to the partial correlation coefficients for Sweden as a whole. The variations in the correlation coefficients between the twinning and the triplet rates seem to be caused by other time-dependent factors and the effects of these factors show strong regional variation. After elimination of such factors, the correlation between the twinning and the triplet rates is moderate.
W e analyze the association between the rates of multiple maternities. Correlation analysis is suitable if there are at least monotonic relationships between the variables. A decreasing tendency can be observed in the rates of multiple maternities in Sweden and in its 25 counties for the period 1751-1960 and the effect of external variables can be assumed to be monotonic. After 1960, the rates of multiple maternities show marked increases, mainly caused by ovulation stimulants and the introduction of other artificial reproduction techniques. We transformed the triplet and quadruplet rates according to Hellin's law in order to obtain rates on the same scale as the twinning rate. The time trends for the multiple maternities in Sweden as a whole were quite similar. The regional differences in the twinning rates could not be satisfactorily explained by maternal age. Alternative attempts to eliminate the effect of other time-dependent factors were to study partial correlation coefficients when the time was kept fixed and the correlation coefficients based on cross-sectional regional data. Both the ordinary and the partial correlation coefficients showed strong regional variation. Cross-sectional analyses gave correlation coefficients similar to the partial correlation coefficients for Sweden as a whole. The variations in the correlation coefficients between the twinning and the triplet rates seem to be caused by other time-dependent factors and the effects of these factors show strong regional variation. After elimination of such factors, the correlation between the twinning and the triplet rates is moderate.
In earlier studies it has been noted that for populations and periods with high twinning rates (W) the rates of higher multiple maternities are also high (Eriksson, 1973; Eriksson & Fellman, 1973) . In this study we analyze the association between the rates of multiple maternities based on both ordinary and partial correlation coefficients, which are suitable if there are approximately linear or at least monotonic relationships between the variables. We present transformations of the correlation coefficients in order to introduce tests and confidence intervals (CI) for them.
In order to eliminate the effect of time-dependent factors, we also study the partial correlation coefficients between the twinning and the triplet rates when time is kept fixed and the correlation coefficients for cross-sectional data. We analyze the association between the rates of multiple maternities in Sweden and in its 25 counties. In order to pursue the monotonicity in these secular trends, we consider only the period . After the 1780s, particularly, a general decreasing tendency can be observed in Sweden and, consequently, the effect of external variables can be assumed to be monotonic. After 1960, the rates of the multiple maternities show marked increases caused by the increased use of fertility drugs and in-vitro fertilization. These increases are more accentuated for the triplet (R) and quadruplet (Q) rates than for the W. In order to obtain the same scale and, consequently, to improve the comparisons between the W and the R, we present some general statistical results concerning variable transformations and apply transformations based on Hellin's law Fellman & Eriksson, 1993; Hellin, 1895) . In recent papers Fellman & Eriksson, 2003) , we have compared the temporal trends in the W and the R for Sweden since 1751. The trends in the W, R and Q rates are presented in Figure 1 . The general pattern of the curves is rather similar. However, the minimum quadruplet rate appears in the period . In fact, during the whole period 1931-1955 no quadruplets were registered. We also stressed that the strong secular and regional variations in the rates could not be satisfactorily explained by maternal age. The ordinary correlation coefficients between time, the W and the R showed strong regional variation. The same was observed when we eliminated the time and considered the partial correlation coefficients between the W and the R. In an alternative attempt to eliminate the time dependency, we also considered the correlations obtained in the cross-sectional regional data. Therefore our opinion is that the variations are caused by other influential, time-dependent factors and that the effects of these factors show strong regional variation. Our general conclusion is that, after elimination of exogenous factors, the correlation between W and R is moderate.
Material
We analyzed demographic data, pooled for 10-year periods, between 1751 and 2000 in Sweden as a whole (in short, Sweden) and to 1960 in its 25 counties. The Swedish data consist of 25,567,357 maternities, including 354,083 twin pairs, 4721 triplet sets and 112 quadruplet sets. For some counties the annual twinning data are occasionally missing and therefore, in the study of the regional variation the whole year for such counties is ignored. In spite of this, we consider that the available data represent whole decades. A detailed description of the available data is given in Fellman and Eriksson (2003) .
Methods and Results

Hellin's Formula and Triplet Maternities
In Fellman and Eriksson (1993) we stressed that, if one has to compare temporal or regional variation in the rates of twin, triplet and quadruplet maternities, reliable results are obtained if the rates are transformed according to Hellin's law (Hellin, 1895) .
Although this law is by no means mathematically exact, the transformed rates are all on the same scale (Fellman & Eriksson, 1993 ). Hellin's law can be considered as a simple probability model for the ovulation of additional eggs. However, the discrepancies in the observed twinning rates and the transformed rates of triplets can, to some extent, be caused by temporal and regional changes in the population structure, with breaking up of the old static agrarian society as a consequence of increasing industrialization and urbanization. It seems that the triplet and especially the quadruplet rates in Sweden have in earlier times been considerably higher than Hellin's empirical law predicts. In Hellin's simple formula no account is taken of the different zygosity types in the sets of multiple maternities and the variation in maternal age and parity. Nevertheless, the formula appears to provide a relatively good rule of thumb for the order of magnitude of rates of multiple maternities in Sweden at least up to the 20th century (Figure 1 ).
In the literature, one can find several attempts to improve Hellin's law. Allen (1960) has proposed one method based on the zygosity of the twin pairs and the triplet sets. Bulmer (1970) has later discussed this method. This method requires information about the sexes of the twin pairs and the triplet sets. In our study of multiple maternities in Sweden, we have information about the sex composition of the twin pairs and the triplet sets for the period 1869-1878 (Berg, 1880) -1900 1901-10 1911-20 1921-30 1931-40 1941-50 1951-60 1961-70 1971-80 1981-90 1991-2000 Rates per 1000
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Figure 1
Temporal variation in the twinning rate and in the transformed triplet and quadruplet rates for Sweden, 1751-2000.
The twinning rates are given for 10-year periods and the triplet rates for 30-year periods up to 1960 and after that for 10-year periods, and the quadruplet rates for 50-year periods up to 1900 and after that for three 30-year periods and one 10-year period. . This is negative if D Ն 0.82M. The dizygotic rate D is almost always greater than the monozygotic rate M and, consequently, a deficit in the triplet rate in comparison with Hellin's law is common. In our study of the multiple maternities in Sweden, we have information about the sex composition of the twin pairs and the triplet sets for the periods introduced above. Numerically, we obtain the estimated model R = 1.39M 2 + 2MD + 0.44D 2 . The parameter estimates differ only slightly from Bulmer's and we observe also that in our result k 1 Ͼ 1 and k 3 Ͻ 1. According to our formula, a deficit of triplet sets compared with Hellin's law is obtained if D Ն 0.84M. In fact, according to the data analyzed, D Ϸ 2.89M and the deficit is obvious. Our results are presented graphically in Figure 2 . In this figure we include the estimated R according to both Bulmer's and our parameter estimates.
Transformation of Random Variables
General. Our study of transformed variables is based on the following general analysis. Consider a stochastic variable X with the mean X and the variance Graphical presentation of the twinning rate (W), the triplet rate transformed according to Hellin's law (R H ), according to the estimated AllenBulmer model (R AB ) and according to our estimated model (R FE ).
In order to obtain all the curves on the same scale, the square roots of the estimated values are presented. 
ing way. If one takes the first two terms of the Taylor series of Y = u(X) at the mean X , one gets
Assume that an unknown parameter is and the estimator is ˆ. Using the variable transformations presented above, a transformed parameter = u() has the estimator = u(). According to the general theory, it follows that if ˆis a maximum likelihood (ML) estimator of , then = u(ˆ) is also an ML estimator of = u(). The estimator = u(ˆ) has the approximate mean E( )Ϸu() and variance
Tests of and = u() and can be based on ˆand = u(ˆ), respectively. Both ˆand are asymptotically normal, but if u( . ) is nonlinear, both estimators cannot be unbiased.
Transformation of the triplet rate. In this connection we consider the rates in absolute proportions. For the triplet rate one has to apply a square root transformation, R H = √ __ R, and for the quadruplet rate the cube root transformation, Q H = 3 √ __ Q. In Fellman and Eriksson (1993) we have also proposed the R a = arcsin(√ __ R) transformation instead of the simple square root transformation. The transformed rates are attached with appropriate sub-indices (H for Hellin and a for arcsin). If the general formulae (1) and (2) are applied in this context we obtain (3) and (4) In (3) and (4) R H and R a are the observed, transformed rates. The triplet rate is small, R Ϸ 10 -4 and consequently R a and R H and the two alternatives give almost similar values. If we compare the variances Var(R H ) and Var(R a ) we observe that the variance formulae are also numerically almost identical, but Var(R a ) Ͼ Var(R H ). The arcsin transformation yields a standard deviation (approximately) independent of the initial level of the rate and is therefore proposed in the statistical literature. In this paper, we use the simpler square root transformation.
The estimators Ŵ and R are unbiased ML estimators and approximately normal. The transformed estimators R H and R a are still ML estimators of R H and R a . They are approximately normal, but biased.
Confidence Intervals
In general, the confidence interval for an unknown parameter is obtained in the following way. Consider an unknown parameter and its estimate ˆwith the standard error SE(ˆ). We assume that ˆis asymptotically normal and is asymptotically N(0,1) . This is the case when ˆis an ML estimator. Based on these results, we obtain for the unknown parameter the approximate 100(1 -␣) per cent confidence interval where z 1/2a is the (1 -1 / 2 ␣) quantile of z. Assume that we have obtained a reliable confidence interval for the initial parameter , that is, we can define the limits L and U , such that (5) If we assume that the transformation = u() is monotonic (increasing), then we obtain from (5) the CI formula for u() which is as reliable as (5).
Correlation Analysis
General results. The testing of the estimated correlation coefficients and the construction of CIs for them are connected with a fundamental problem (for detailed analyses, see Hald, 1967, Ch. 19-20; and Kendall & Stuart, 1967, Ch. 26) . Let the theoretical correlation coefficient be ρ and the estimate r. For Var(r) the simple but approximate formula holds good. If the null hypothesis is ρ = 0, then the standard test statistic is which is approximately t distributed with n-2 degrees of freedom. This t test is mathematically equivalent to the t test of the regression coefficient in the simple linear regression model. However, the estimated correlation coefficient (r) is asymptotically normal only for very large samples (n Ͼ 500) and for small values of ρ. In order to eliminate this problem, one has to perform the variable transformation described by Kendall and Stuart (1967, Ch. 26) . We introduce the transformed variables for the theoretical, and for the empirical correlation coefficient. For small ρ and r, Ϸ ρ and z Ϸ r. The transformed variable z is already asymptotically normal for small samples (n Ͼ (6) This variance formula has the property that it is independent of the theoretical but unknown ρ. In fact, it can be made even more exact at the expense of the independence of ρ and, when the sample size is small, a more exact formula may be of interest. Although we consider small samples in this study, we note that the variance formula (6) is a slight overestimation and we use it. The formulae obtained and the asymptotic normality of z give accurate tests of the estimated correlation coefficients and rather strict confidence intervals.
The test of a null hypothesis ρ = ρ 0 0 or alternatively, is based on the test statistic Z = √ _____ n -3(z -ς 0 ), which, under the null hypothesis, is asymptotically N(0,1).
Following Hald (1967, Ch. 19-20) , the comparison of several correlation coefficients can be performed in the following way. Consider a set of k independent sub-samples having the sample sizes (n 1 , n 2 ,…,n k ). Let the theoretical correlation coefficients be (ρ 1 , ρ 2 ,…,ρ k ) and the estimated ones (r 1 , r 2 ,…,r k ). Furthermore, let (ς 1 , ς 2 ,…,ς k ) and (z 1 , z 2 ,…, z k ) be the corresponding transformed variables. We introduce the weighted mean The nonlinear transformation yields confidence intervals where the estimated correlation coefficient is not at the centre of the interval, but the confidence intervals are always included in the admissible interval (-1, 1). In general, let the notations for the correlation coefficients between the x, y and time (t) be r x,y , r x,t and r y,t , respectively. The partial correlation coefficient between x and y, when the time is kept fixed, is and an approximate formula of its standard error is Partial correlation coefficients may differ markedly from the ordinary correlation coefficients and even have different signs. An alternative attempt to eliminate the effects of the time-dependent factors is to consider regional cross-sectional data.
The test of a correlation coefficient demands samples of rather large sizes and consequently, significant results are obtained only for long time series or for large numbers of observation pairs in cross-sectional studies. This property can by stressed in the following way. The significance test of correlation coefficients against the null hypothesis that the theoretical correlation coefficient is zero yields a critical region proportional to n -1 /2 . In our studies, the time series based on decade data consist of (at most) 21 sub-periods and the cross-sectional data consist of (at most) 25 counties. If we assume a 5% significance level and test against the null hypothesis ρ = 0, we obtain for n = 20 and for n = 25 the critical values 0.44 and 0.39, respectively. In addition, we have to note that for some counties the number of subperiods is markedly below 21 and for some periods the number of counties is less than 25.
Correlations between the twinning rate and the rates of higher multiple maternities. For Sweden the correlation coefficients between W and R and the transformed triplet rate (R H ) based on 10-year data (n = 21) are both 0.866. These estimates are statistically significant. The temporal variation in W and R H are similar, showing strong decreasing trends (Figure 1 ). If we eliminate the time effect and consider the partial correlation coefficients between W and R and between W and the R H , we obtain the reduced values 0.620 and 0.622, respectively (Table 1) . The correlation coefficients are reduced, but they are still statistically significant. The correlation coefficients between W and Q and the transformed quadruplet rate (Q H ) based on the 10-year data (n = 21) are 0.700 and 0.648, respectively. These correlations are statistically significant. After elimination of the time effect, we obtain the partial correlation coefficients 0.217 and 0.147, respectively. Neither of these is statistically significant. These results support the hypothesis that the ordinary correlation coefficients obtained are at least partly influenced by some external time-dependent factors.
In Table 1 
Figure 3
Partial correlation coefficients between the twinning rate (W) and the triplet rate (R) and the transformed triplet rate (Rh), when time is kept fixed, for the different counties of Sweden. The counties are arranged according to increasing levels of the correlation between W and R. No systematic association between the W and the R can be identified. Marked discrepancies from the expected positive correlation between W and R (and Rh) can be seen. For comparison, the correlation coefficients for Sweden are included. 
Correlation between
Figure 4
Correlation between the regional twinning rate (W) and the regional observed and transformed triplet rates (R and R H , respectively).
The numerical values are given in Table 2 . The isolated points are based on the data presented by Berg (1880) for the period 1849-1873. Only the correlation coefficients for the periods 1751-1780, 1811-1840, 1841-1870 (for R) and 1849-1873 are statistically significant (P < .05). The interregional variations in W, R and R H are measured by the coefficients of variation (CV).
kept fixed. The partial correlations obtained are also given in Table 1 . We still observe no general pattern. For the counties of Jönköping, Kronoberg, Älvsborg, Jämtland and Västerbotten the partial correlation coefficients between W and R and R H are negative. In contrast, we observe very high positive correlation coefficients for the counties of Örebro, Östergötland, Kopparberg, Kristianstad and Kalmar. In general, R and R H give very similar results and therefore no transformation is necessary. However, the transformation is valuable for descriptive comparisons, because the W and the R H are on the same scale.
Using the χ 2 test described above we can test the regional heterogeneity between the correlation coefficients. We obtain statistically significant differences for all the correlation coefficients (see Table 1 ). The regional heterogeneity, according to the χ 2 test described above, is more marked in W than in R or R H . This regional heterogeneity is still observable when partial correlation coefficients are compared, but the heterogeneity is reduced. In Figure 3 
Figure 5
Comparison between the twinning rate (W) and the transformed triplet rate (R H ) for the 25 counties for the period 1871-1900. The counties are arranged according to the increasing levels of the twinning rate. The correlation coefficient between W and R H is only 0.121, being insignificant. We observe obvious exceptions from the expected patterns that the W should be slightly higher than the R H and that counties with high twinning rates have high triplet rates and vice versa.
present the partial correlation coefficients in increasing order. The partial correlation coefficients vary between -0.290 for R (-0.326 for R H ) and 0.891 (0.901) and no systematic association between the twinning and the triplet rates can be identified. The temporal effects on the correlation between the multiple rates can also be eliminated if we consider the cross-sectional data distributed across the 25 counties in Sweden. We consider Berg's data for the period 1849-1873 and the official data for the seven 30-year periods presented in Table 2 . For these periods we calculate cross-sectional correlation coefficients. Only the correlation coefficients for the periods 1751-1780, 1811-1840, 1841-1870 (for R H ) and 1849-1873 are statistically significant (P Ͻ .05). After 1810, a decreasing tendency can be observed. The interregional variations in W, R and R H are measured by the coefficients of variation (CV) and these data are also presented in Table 2 and Figure 4 . We observe a slight decrease in regional heterogeneity in the W. This finding is discussed in greater detail in Fellman and Eriksson (2004) . Consequently, our opinion is that the use of regional correlation coefficients in cross-sectional data and partial correlation coefficients in the time series have at least partly eliminated the effects of the time-dependent factors.
In Figure 5 we compare W and R H for 25 counties for the period 1871-1900; that is, a 30-year period with the lowest correlation coefficient. We observe obvious exceptions from the expected pattern that the W should be slightly higher than the R H and that counties with high twinning rates have high triplet rates and vice versa. For the counties of Örebro, Gotland, Kristianstad, Uppsala, Malmöhus, and Halland we observe high W and low R H (a difference of more than 2.5 per mille units) and for the counties of Södermanland, Värmland, Jönköping and Gothenburg&Bohus low W and high R H (negative difference). In fact, for the period 1871-1900 the correlation coefficient between W and R H is only 0.121, being insignificant.
Discussion
Although Hellin's law is only a rule of thumb, we also considered, besides R, the transformed rate R H . Comparing the associations between W and R and R H , we observe no great discrepancies. Of the rates R and R H , the latter has the advantage that it can be presented together with W on the same scale. The rates Q and Q H are only studied superficially, because quadruplet maternities are such rare events that more detailed analyses give uncertain results. The rates of quadruplet maternities in Sweden (1751-1850) were about 6 per million maternities, but after 1850 went down strongly to values around 2 during the next hundred years. After 1950 the rate is more than 7 per million, mainly due to the use of ovulation stimulants and other artificial reproduction methods, as discussed above. In fact, our whole series for Sweden contains only 112 quadruplet sets. In combined data from Europe and the USA, Bulmer (1970) noted a frequency of 1.7 quadruplet sets per million maternities. Parisi and Caperna (1981) confirmed these values for Italy during the overall period 1868-1977, but peaks in excess of 2.6 quadruplet and quintuplet maternities were reached in the periods 1930-1944 and 1970-1977 . In Sweden there has also been a steeper downward secular trend of triplet and quadruplet rates than of the twinning rate (cf. Figure 1 and see Eriksson, 1973) .
The lack of a systematic association between the rates of multiple maternities indicates that the rates may be influenced by external, time-dependent, and still unknown factors. In order to remove the effect of these factors, one possibility was to consider time as a proxy variable for these and eliminate the effect of the unknown factors by studying partial correlation coefficients between W and R for the different counties when time is kept fixed. We considered only the period 1751-1960 because, during this period and particularly after the 1780s, with more efficient registration of stillborn multiples (Eriksson et al., 1988) , a general decreasing tendency can be observed and the effect of external variables can be assumed to be monotonic. After the 1920s the W went down strongly, reaching a minimum below 9 per 1000 in the 1970s.
Multiple ovulations and multiple conceptions seem to be much more common than multiple maternities, because intrauterine deaths occur extensively and particularly in pregnancies with multiple embryos or fetuses (Boklage, 1995; Landy & Keith, 1998) in which the volume of circulating blood required is considerably higher than in singleton pregnancies (Kauppinen, 1967) . The increased urbanization and modern life with more sedentary occupations among mothers has caused a deterioration of physical condition. This may have decreased the blood circulation and the risk that multiple gestations will end in singleton maternities or total abortion (Eriksson, 1964 (Eriksson, , 1973 . This hypothesis is consistent with our findings that both the gross and the age-specific rates of multiple maternities -and particularly the triplet and quadruplet rates -have been higher in rural than in urban populations (Eriksson, 1964 (Eriksson, , 1973 Eriksson & Fellman, 1973) . In addition, there is evidence that women of mixed ancestry, due to intermarriage between populations with different dizygotic twinning rates, produce fewer twins than would be expected if gene action were additive (Bulmer, 1970; Eriksson, 1962 Eriksson, , 1964 Eriksson, , 1973 Morton et al., 1967) .
The rates of multiple maternities tend to decrease with a higher degree of urbanization. The most probable reasons for the lower twinning rates in urban populations are the lower maternal age, the lower mean parity, the more frequent outmarriage, and the fact that, owing to more sedentary and monotonous work leading to poorer physical capacity, among other things, the mothers in urban areas are less well-fitted to carry through pregnancies with multiple embryos or fetuses. If the rate of spontaneous abortions in an early phase of gestation in triplet conceptions was higher than in twins, this could also lead to the observed frequency of triplet maternities being less than those expected from Hellin's formula.
In a summary of reports of triplet sets from different populations by Little and Thompson (1988) , the only excesses of triplets in comparison with twins were found in Nigeria and in Papua. However, the series were very small. Among the eastern Swedes on the Åland Islands (1653-1949) the observed triplet rate (37.5 per 100,000) was almost the same as the expected (36.9 per 100,000). Both the twinning and the triplet rates showed strong secular declines (Eriksson, 1973) . In this study an excess of observed over expected numbers of triplet maternities was found for the period 1871-1900 in four counties, Södermanland, Jönköping, Gothenburg&Bohus and Värmland ( Figure 5 ). In all the other counties and for Sweden as a whole there were fewer triplet maternities than expected. The correlation decreasing with time between W and R may be an indication of decreasing mean maternal age and parity. They both have a stronger effect on the triplet rate than on the twinning rate (Eriksson, 1990; Eriksson et al., 1995) .
Our studies on the trends in twin and triplet maternities in Finland, comparing rural communities with towns between 1860 and 1959, also showed that during the period 1905-1955 the rates in rural communities clearly and steadily increased, while those in town populations, though at all times lower and more erratic, had a smaller increase (Eriksson & Fellman, 1973) . In the typically agrarian Finland, urbanization and industrialization began about one to two generations later than in Sweden (Eriksson & Fellman, 1973) but was given a substantial boost after World War II in connection with Finnish compensations for war damage to the Soviet Union.
Our summarizing conclusion is that, after elimination of exogenous factors, the correlation between W and R is moderate.
